The frontiers of research are rapidly advancing in the area of nanowire-based sensors, which are being used for a breadth of applications. ZnO nanowires-based sensors have shown tremendous potential in the area of chemical and biological sensing but the performance of these sensors are contingent upon the successful design and packaging of sensing platform. Therefore, in this work two distinct device topologies, single ZnO nanowire device and ZnO nanowire-based array device, have been fabricated and compared for their sensing performance. The single nanowire device has been fabricated through focused ion beam and e-beam lithography techniques while SEM and EDAX analysis have been used to characterize the device. I-V characteristics of the ZnO nanowire-based array devices have been measured through a semiconductor parameter analyzer and a prospective device refresh strategy through thermal cycling has been outlined.
Introduction
Nanostructured materials have been extensively researched for a broad spectrum of applications. Especially, development and application of nanomaterials for chemical and biological sensing have been widely reported [1] [2] [3] [4] [5] [6] [7] . In recent literature, a complete review has been done in wireless chemical sensors and biosensors [2] . The unique surfacerelated properties, with tunable size-and shape-dependent physical and chemical properties, offer great potential for manipulating and improving sensing behavior. These characteristics have been demonstrated to aid in improving sensitivity and response rate of sensors [8, 9] . Maturity of synthesis techniques and availability of variety in terms of morphology and structure of these nanomaterials have provided immense flexibility to researchers for application-specific sensor development. These nanosensors have, therefore, proven to be quite useful in areas, such as environmental sensing, homeland security, vehicular emission control, industrial gas detectors, and biosensing.
Specifically, metal oxide nanowire systems are an important class of nanomaterials for sensing a wide spectrum of chemical and biological analytes [10, 11] . They are regarded as an important class of materials for sensor development due to the flexibility they offer in terms of carrier modulation and control. Specifically, the electrical characteristics of transition metal oxides can be manipulated through doping or external functionalization that ultimately aids in improving sensitivity and detection limits in differential resistive sensors. The surface structure of these nanostructured oxides is also conducive to adsorption/desorption-based modes of sensing. For example, Zhang et al. demonstrated the use of single indium oxide (In 2 O 3 ) nanowire to detect nitrogen dioxide (NO 2 ) and ammonia (NH 3 ) under room temperature conditions [12] . Lowest detectable concentrations of up to 0.5 ppm for NO 2 and 0.02% for NH 3
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were reported. They purported a sensing mechanism dependent on doping of the single In 2 O 3 nanowire. They suggested that upon exposure to NO 2 or NH 3 the oxygen vacancy concentration on the nanowire surface was modified due to doping from these electrondeficient and electron-rich groups respectively. This resulted in modulation of conductance in the nanowire device due to exchange of electrons between the fermi levels of analytes and the nanowire. Based on a similar concept, Zhou et al. demonstrated a NO 2 gas sensor with multiple and single In 2 O 3 nanowire transistor devices [13] . Detection limits of up to 60 ppb range were reported under room temperature conditions. Among the numerous metal oxide nanomaterial systems, ZnO nanowires have been utilized continuously in different morphologies and topologies to fabricate sensitive detection systems for simple analytes, such as carbon monoxide (CO), NH 3 [15] . They observed that the gate potential was related to the device sensitivity and that desorption of analyte molecules from nanowire surface was facilitated by applying a large negative gate bias. This provides an additional pathway for refreshing ZnO nanowire-based sensors. In contrast, Yang et al. used UV properties of ZnO nanowires for developing chemical gas sensors [16] .
As highlighted above, detailed investigations have been made to study nanomaterials and specifically metal oxide systems, including ZnO, to elaborate their potential as reliable sensing elements for various chemo-and bio-sensor systems [17, 18] . However, mere development of sensing chemistry and illustrating sensing behavior under laboratory conditions do not guarantee reliable and sensitive sensor operation in a realistic unpredictable environment [19] . To overcome this challenge and develop high reliability, sensitive, robust, and selective detection platforms requires ingenious design efforts focusing at successful integration of the sensing chemistry with the required hardware. It can be seen that although considerable research is directed towards developing sensing chemistry, focus on sensor design from a device standpoint is more often neglected and conventional approaches are followed. Three major device topologies that are used to demonstrate nanosensor operation are as follows and ZnO nanostructure-based sensors have been selected to explicate the case [20, 21] . First, a quite prevalent sensing element configuration involves a film-based design, where a ZnO thin film is grown or deposited between electrodes on a substrate and used as a sensing element, as shown in figure 1a . The advantage of this topology is the simple geometry and cost-effective processing techniques as compared to other complex methods, which makes them lucrative for scaling. However, this topology often compromises on the limit of detection attainable due to limited surface sites available for analyte interaction on ZnO nanofilm. Second morphology comprises ZnO nanostructures as bridges and grown on a substrate to produce a conductive channel for carrier transport. The advantage of this method stems from the greater surface area available for analyte permeation and interaction, which leads to enhanced sensitivity and resolution. The schematic of ZnO nanobridge topology is depicted in figure 1b . Finally, single ZnO nanowire devices either in FET mode or amperometric mode have also been shown to exhibit good sensitivity and resolution under laboratory conditions. A typical configuration of a single ZnO nanowire sensor is shown in figure 1c . The disadvantage of using this approach is the low reliability and robustness of the sensor devices, which leads to incoherent operation under field conditions. As summarized in table 1, ZnO nanostructures have been widely used in the aforementioned topologies for detecting simple analytes and possess varied limits of detection. However, their field applicability is limited partly due to cost factors and remainder due to the sensing chemistry utilized. Most ZnO nanostructure-based sensors employ amperometric transduction mechanism where a differential change in conductance, produced as a result of analyte interaction with the ZnO nanostructure substrata, is used to establish sensor operation. This mode of sensing severely limits the range of analytes that can be detected and also the sensitivity under ambient operating conditions. On a fundamental level, this change in conductance stems from modulation of oxygen vacancy concentration on nanowire surface upon analyte interaction. The analyte molecules occupy available vacant sites and alter the intrinsic carrier concentration of the nanowires either through electron donation or electron acceptance from the analyte. While this mode of sensing is capable of providing high resolution, its limitations are two-fold. First, sensors relying purely on amperometric mode lack selectivity. Any contaminant with a donor or acceptor site can produce the same change in conductance, which can make deconvolution of actual signal from the total sensor response quite challenging. Second, the sensor operation is severely constrained to simple analyte molecules that can modify surface vacancy concentration through chemisorption only at high temperatures.
High temperature reduces the activation energy barrier for chemisorption and lead to enhanced sensitivity. However, high temperature operation is an undesirable characteristic for a field deployable sensor. Hence, through aforementioned discussion it is evident that to develop a nanosensor that is capable of high sensitivity and selectivity towards complex molecules, such as explosives or nitroaromatics, under ambient conditions is a highly desirable objective. It can also be concurred that device topology in concomitance with the appropriate surface engineering of the nanowire substrata would aid in accomplishing the outlined objective.
Madridge J Nanotechnol Nanosci ISSN: 2638-2075 Volume 4 • Issue 1 • 1000129 Nanto et al. [21] Therefore, in this work we compare two distinct device fabrication techniques and present a comparative case study for ZnO nanowire sensors for sensitive determination of trace amounts of p-nitrophenol vapor under ambient conditions. First, a single ZnO nanowire device was fabricated by using focused ion beam and E-beam lithography techniques. After appropriate characterization and analysis the drawbacks and limitations of this approach are highlighted. Second, a multinanowire array-based device topology is investigated. Subsequently, its successful operation is demonstrated by using saturated p-nitrophenol as a model analyte under a concurrent opto-electronic excitation. Both devices utilize receptor-functionalized ZnO nanowires. Here in, we would use the sensor chemistry we developed earlier and focus exclusively on device topology and configuration effects on sensor reliability, sensitivity, and selectivity. A refresh strategy for the sensor is also posited.
Experimental Methods
The ZnO nanowires for device fabrication were synthesized through a chemical vapor deposition process as explicated in our previous works. Briefly, ZnO nanowire growth resulted from the templated substrate (sapphire) due to vapor-liquidsolid (VLS) mechanism of nanowire growth at a temperature of 950°C. A single nanowire device was fabricated through extraction and manipulation of a nanowire from the ensemble of nanowires. This was accomplished by using microfabrication techniques of E-beam lithography and focused ion beam (FIB). First, inter-digitated electrodes on insulating sapphire substrates were made using E-beam lithography. The substrates were coated with 100 nm of positive resist (PMMA A2) at 4500 rpm for 45 seconds and were baked at 180°C for 90 seconds to make them adequate for the E-beam process. An inter-digitated pattern designed using CAD package with NPGS (Nanometer Pattern Generation System) was written on the resist-coated substrates. The exposed substrates were developed using 1:1 (v/v) solution of MIBK and acetone for 90 seconds. Subsequently, a 70 nm coating of gold was deposited followed by lift-off to complete fabrication of inter-digitated electrode. Thereafter, these substrates were introduced in a focused ion beam (FIB) system (FEI Quanta 3D Dual-beam) along with receptor-functionalized ZnO nanowires on sapphire substrates. A single ZnO nanowire was extracted from the ensemble of nanowires using an in-situ micromanipulator and laid across the inter-digitated electrode. Subsequently, the nanowire was welded at its extremities, where it overlaps the electrode, with platinum using the in-situ GIS (gas injection system) to complete fabrication of the device. Before extracting the single ZnO nanowire device from the FIB chamber, EDAX analysis of the exposed nanowire area was performed. This was done to identify any prospective contamination that might have happened as a result of subjecting the single nanowire to an intense device fabrication procedure. The multi-nanowire device fabrication utilized receptor-functionalized ZnO nanowire arrays on sapphire substrates. To fabricate these devices colloidal silver solution (Ted Pella, Inc.) in a volatile solvent was coated at the extremities of the receptorfunctionalized nanowire substrates to function as electrodes. Silver was used to make an ohmic contact between functionalized ZnO nanowires and the electrode.
The electrical properties of the multi-nanowire devices were measured using a semiconductor parameter analyzer (Agilent Technologies). I-V curves of both pristine and receptor-functionalized ZnO nanowire array devices were measured. It is to be noted that device testing of single ZnO nanowires was not pursued due to alteration of chemical composition of the device due to unavoidable contamination resulting from the device fabrication procedure. This will be discussed in the forthcoming section. Subsequent to preliminary testing of the functionalized multi-nanowire device, an additional optical stimulus from a 342 nm UV lamp was provided to test for opto-electronic sensing behaviour of the device. Current was then measured from the device under a bias of 0.1V. Subsequently, the device chamber was allowed to saturate from p-nitrophenol vapors by introducing a few milligrams of the solid powder. Current was then measured from this device after 5 minutes to validate the sensing behavior of the device. The test assembly to establish sensor operation is illustrated in figure 2 . The benefit of this assembly is that it permits transduction of optical response from the sensor to an amperometric signal, which makes it easier to measure with conventional electronics without the use of sophisticated optical detectors. However, utilizing sophisticated optical detection and transduction electronics will only serve to improve the sensitivity and selectivity of the device in addition to minimal false positive rate. To determine the appropriate refreshing methodology for the fabricated sensor, thermogravimetric analysis (TGA) was used. Nitrogen was used as a purge gas. First, pure receptor powder was tested for weight loss from the range of 25-600°C with the temperature rate of 5°C/min in a TGA/DSC Madridge J Nanotechnol Nanosci ISSN: 2638-2075 Volume 4 • Issue 1 • 1000129 1-Thermogravimetric Analyzer (Mettler Toledo, Inc.) Values from the blank run were automatically subtracted from the data. Second, receptor-functionalized ZnO nanowire samples were subjected to the TGA analysis under similar experimental conditions. Results from both sets of experiments were used to suggest a possible strategy to refresh the multi-nanowire sensor.
Results and Discussion
For fabricating a single nanowire device a receptorfunctionalized ZnO nanowire was extracted from the ensemble of nanowires grown on the substrate using the micromanipulator in-situ the FIB system and was placed across the inter-digitated electrode. Figures 3a and 3b shows the E-beam mask design and the optical micrograph of the completed electrode, respectively. After successfully positioning the nanowire across the electrodes, platinum was deposited at its extremities to complete the fabrication of the device. Figure 3c exhibits the schematic of the single nanowire device while figure 3d shows the completed device. Before retrieving the finished nanowire device from the FIB system, EDAX analysis of the exposed nanowire area was performed. This was done to ensure the compositional integrity of the sensor device fabrication procedures. It was observed that the platinum deposited was not confined to the electrode area but also contaminated the sensing area resulting in unintentional doping. Figure 4 shows the EDAX spectrum of the selected area on the exposed functionalized nanowire surface. Platinum peaks can be clearly observed, which indicate its incorporation in the sensing area. Pertaining to such findings, the single functionalized ZnO nanowire device was evaluated to be unsuitable for p-nitrophenol sensor fabrication. Furthermore, electrical tests on these single ZnO nanowire devices yielded inconsistent, erratic results confirming unreliability and minimal signal-to-noise. To investigate the reliability of this device further, the sensing chip was subjected to thermogravimetric analysis (TGA) to determine the breakdown temperature of the PBA/ ZnO heterostructure. The opto-electronic sensor operation of the multi-nanowire array device is contingent upon chemical Madridge J Nanotechnol Nanosci ISSN: 2638-2075
integrity of the heterostructure. Therefore, the advantages of using TGA are two-fold. First, it aids in determination of the temperature range, where the PBA receptor coating would be stable on ZnO nanowire surface. This would serve as a measure to qualitatively determine the robustness of the device under field conditions, since the sensor could be subjected to a varied temperature regime while being deployed on the field. Second, it would allow for identification of a prospective strategy to reset the device. Figure 7a shows the TGA spectrum of pure PBA receptor. It can be observed that in the temperature range of 250-450°C the sample exhibited maximum weight loss, which indicated the decomposition of PBA receptor. This means that the sensor operation limit is less than 250°C. Figure 7b shows a TGA spectrum of PBA-functionalized ZnO nanowire sensors. The maximum weight loss in the sensing chip happened in the range of 250-450°C indicating breakdown of the chemisorped organic layer of PBA on ZnO nanowire surface. This complies with the data for pure PBA decomposition in figure 7a. The data was normalized to minimize the effect of instrument drift. It was especially useful for the analysis of PBA/ZnO heterostructure, where subtle weight changes in the submilligram range could be observed. However, drift at large temperatures became large and could not be removed even with normalization. Figure 7 . TGA analysis of (a) pure PBA receptor and (b) PBA/ZnO heterostructure. Thermal cycling is proposed as a possible refresh mechanism for the sensor to resume stand-by mode post sensing operation.
Based on aforementioned results it was concurred that for developing a reliable ZnO nanosensor device for detecting hazardous compounds, a multi-nanowire array device is a much better alternative than a single nanowire sensor device. While a multi-nanowire device would be easy to interface with back-end electronics, it also exhibits far more reliability in terms of field deployment as compared to a single nanowire device.
Conclusion
Two distinct device fabrication approaches were investigated to determine the most reliable topology of a field deployable ZnO nanosensor device for detecting p-nitrophenol vapors. First, a single ZnO nanowire device was fabricated with E-beam lithography and focused ion beam techniques. The EDAX analysis confirmed unintentional doping of Platinum in the sensing area during electrode deposition, which indicated contamination. Second, a multinanowire array approach for device fabrication was investigated. The sensor device exhibited good sensitivity and reliable operation. The temperature resilience of the device was tested through thermogravimetric analysis, where it was determined that the device can be operated up to 250°C. It also suggests that thermal shock to the device can serve as a possible strategy to refresh the device and resume stand-by operation mode. These sensor topologies could be used to develop chemical vapor sensors for detecting explosive materials, carbon monoxide and methane gas.
